Introduction
[2] Surface-wave seismology is a powerful tool to investigate the shear velocity structure of the upper mantle. Most regional surface-wave studies rely on fundamental mode observations only, while it is well known that the use of overtone surface waves may greatly improve the depth resolution of shear velocity below 200 -300 km depth. It is difficult to analyze these overtones because, over an important range of periods, they propagate with similar group velocities. Furthermore, relatively deep (>50 km) or large crustal earthquakes are required to excite overtone signals so they can be well recorded. While new methods such as the continuous wavelet transforms [Holschneider et al., 2005] improve the time-frequency resolution in fundamental mode surface wave analysis, they do not address how the analysis of interfering overtone signals can be improved. Waveform inversion techniques [e.g., Woodhouse and Dziewonski, 1984; Nolet, 1990; Debayle et al., 2005] rely on fewer independent pieces of information than those based on the measurements of individual overtone dispersion. A decomposition of a waveform into a set of individual modes through a set of secondary observables, as done for example by Debayle et al. [2005] , is intrinsically non unique and provide less information than the kind of data we present here.
[3] It is straightforward to isolate the individual modes by wavenumber domain analysis when data from arrays of seismic stations are available. Techniques based on this approach were developed by Nolet [1975] and Cara [1976] more than three decades ago and these authors demonstrated their robustness with applications to analog WWSSN seismograms. Nowadays, regional arrays of broadband, high-dynamic range stations are in operation worldwide, allowing us to apply these established techniques to much higher quality data.
[4] In this paper, the phase-velocities of fundamental mode and up to the fourth overtone Rayleigh waves (period T > 25 s) are measured by U-C diagram analysis [Cara, 1976, Cara and Minster, 1981] and inverted for 1D shear velocity profiles. We use regional network data from western North America (WNA) and the Kaapvaal Craton (KC) region in southern Africa which can be regarded as endmember tectonic regions: a young active tectonic province with subducted oceanic ridges and an old stable continental region. The stations in WNA comprise a selection of the Berkeley Digital Seismic Network (operated by UC Berkeley), TriNet (Southern California Seismic Network operated by Caltech and the USGS), and the NARS-Baja array [Trampert et al., 2003] stations. Stations in the KC region are from the SASEK-Kaapvaal network [Carlson et al., 1996] . The SASEK network has a dense station spacing but recordings are generally noisier than the recordings from our selection of WNA stations. Unfortunately, only four deep earthquakes at suitable azimuths were recorded during the deployment of the SASEK array so the KC data set is of somewhat lower quality than WNA data.
The U-C Diagram Technique
[5] The U-C Diagram technique is aimed at measuring the phase velocity dispersion of interfering surface wave modes. It is based on the assumption that, at a fixed period Tn, different modes ''p'' have group velocities close to a reference value, but different phase velocities. Ideally, the method is applied to seismograms from an array of stations at a common source azimuth (Figure 1 , top). After narrowband filtering around a period Tn, the records are first phase and time shifted according to a trial phase velocity C and the reference group velocity, and are then stacked. The U-C diagram displays the envelopes of the waveform stacks as a function of C and group velocity U, for each period Tn (Figure 1 , bottom). Maxima in the stacks are associated with Rayleigh modes p with phase and group velocities Cp(Tn) and Up(Tn), respectively.
[6] Phase velocity resolution is determined by the aperture of the array and inter-station spacing must be small enough to minimize aliasing effects [e.g., Cara and Minster, 1981] . The aperture of the WNA and KC arrays are 2200 km and 1900 km, respectively. To estimate uncertainties in the phase velocity measurements, we calculate U-C diagrams for synthetic seismograms for a crust-adapted PREM model [Dziewonski and Anderson, 1981] and Centroid Moment Tensor source parameters (www.globalcmt.org) and invoke the same processing parameters used in the analysis of real data. We identify the modes by visual inspection. We consider the differences between the phase velocities inferred from the synthetic U-C diagrams and the theoretical values as minimum measurement errors since we do not account for (potentially larger) errors due to noise, Rayleigh wave multi-pathing, or U-C diagram misinterpretation. The rms of these differences were used as a priori errors of the phase velocity measurements in the inversion for shear velocity.
Observed Phase Velocities and Inversion
[7] For analysis of the WNA region, we have selected 14 earthquakes with a magnitude larger than 6 in the northwest Pacific region and South America (Figure 2, top) . Nine of these earthquakes occured at 180 km or greater depth and rendered excellent Rayleigh wave overtone recordings. Because considerable waveform complexity appears in the fundamental-mode signals for some of the Northwest Pacific earthquakes, possibly due to lateral refraction and (Figure 2 , bottom). Four of these earthquakes are deep. The phase-velocity measurements for periods longer than 25 s and the standard errors estimated from synthetics are displayed in Figure 3 .
[8] We invert the phase velocity data assuming linear isotropic shear-wave velocity perturbations following the formulation by Tarantola and Valette [1982] , Gaussian statistics as in work by Lévêque et al. [1991] , and partial derivatives @Cp(Tn)/@Vs(z) according to Takeuchi and Saito [1972] . According to our experience with similar data, the a priori standard deviations of the shear-wave velocities are fixed to 0.05 km/s and the vertical correlation length to 50 km as in Debayle and Lévêque [1997] . The starting model is a smoothed PREM without upper-mantle discontinuities to minimize the effects of a priori constraints in the inverted shear-wave velocity model [Sieminski et al., 2003] . Figure 4 shows the best-fitting shear velocity profiles for the WNA and KC regions and a posteriori error estimates.
[9] To 200 km depth, the WNA and KC shear-wave velocity profiles reveal differences up to 6%. This contrast is about half the 10-15% contrast inferred from global 3D overtone Rayleigh wave models [e.g., Ritsema et al., 2004] , or from the regional WNA and KC models reconstructed from the global 3D models of Debayle et al. [2005] . Our KC shear-wave velocities are close to the SV part of the anisotropic KA1 model of Freybourger et al. [2001] above 100 km depth but are slower below and are also slower than the 1-D southern Africa model from Li and Burke [2006] between 40 and 150 km. One reason for this is a paradoxically rather low depth-resolution in the upper part of our model, mainly due to the small relative weight of fundamental versus overtone dispersion data. Indeed, most of the information constraining the upper 200 km of the model comes from the fundamental and the first overtone as it can be seen by confining the inversion to the modes 0 and 1 ( Figure 5 ). Better quality fundamental mode data would be required to constrain the model above 150 km depth. At greater depths beneath southern Africa, we find a low velocity minimum around depths 180 -200 km with veloc- ities comparable to those in the 3D model inferred from Debayle et al. [2005] . The velocity structure is also similar to the structure constrained by Li and Burke [2006] from fundamental mode Rayleigh wave analysis. In agreement with these authors we may therefore infer that the lithospheric keel beneath southern Africa is about 180 km thick. In the WNA profile the very low (<4.3 km/s) shear-wave velocities we observed at depths 50 -200 km can be attributed to a low velocity 'asthenosphere' beneath western North America, similar to that seen beneath the oceanic lithosphere.
[10] Taking into account the a posteriori errors of our models (Figure 4) , we conclude that there is no resolvable shear-velocity difference between the KC and WNA profiles at depths 300 -400 km. The WNA velocities are smaller than those inferred from the 3D model of Debayle et al. [2005] but model resolution at these depths is better in our study. The lower shear-wave velocities we resolve may simply reflect the presence of the 410 km discontinuity which is absent from our common smooth starting model.
[11] At depths larger than 400 km, the WNA profile follows closely the smoothed PREM starting model while the KC profile exhibits a large 0.15 km/s positive anomaly. We suspect that this feature of the KC model is poorly constrained and that the error bars are underestimated. Indeed, the shear velocity below 400 km depth is mainly constrained by the fourth overtone and, to a lesser extent, by the second overtone ( Figure 5 ). The instability of the inverted velocity profiles beneath KC in this depth-range when subsets of phase velocity data are inverted, suggest that the high-rank (p > 1) overtone data are of poor quality. Moreover, receiver function observations from the Kaapvaal craton [Wittlinger and Farra, 2007] are inconsistent with the presence of large high shear-wave velocities in the transition zone, reinforcing our doubt on the quality of mode 2 to 4 observations in KC (Figure 4 ).
Conclusions
[12] New phase velocity measurements from array analysis of regional broadband network data provide new constraints on the average shear velocity structure in western North America and the Kaapvaal Craton region. Fundamental-mode and overtone Rayleigh waves at periods longer than 25 s are recorded coherently over 2000 km distances. U-C diagrams indicate clear mode excitation up to the fourth overtone. 1D shear velocity profiles, representing the average shear velocity structure in the upper mantle, confirm the high shear velocity contrast in the uppermost 150 km of the mantle seen in long-wavelength global models of shear velocity with similar lateral resolution. In addition, our Western North American and Kaapvaal Craton data are explained well by PREM's velocity structure below a depth of about 400 km. Dismissing the 4th overtone data for the Kaapval region, error estimates, suggest that the shear velocity difference cannot exceed 0.1 km/s without compromising data fit at depth larger than 400 km. This robust constraint, due to higher mode phase velocity measurements, places a limit on permissible theoretical shear velocity differences determined from mineralogical and/or thermal models beneath these very different tectonic environments. . Note that the shear velocity below 100 km depth is primarily constrained by the overtone data in WNA. The variability in the KC shear velocity profiles at depths larger than 400 km for the data subsets suggests inconsistencies of the high rank overtone data in this region.
